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Introduction {#sec1}
============

1,3-Dipolar cycloaddition reaction is one of the fundamental processes in organic chemistry ([@bib18], [@bib27], [@bib28]). In particular, catalytic asymmetric 1,3-dipolar cycloaddition of *in situ*-formed metallated azomethine ylides (dipoles) from readily available imino esters ([Figure 1](#fig1){ref-type="fig"}A) offers the most powerful and diversity-oriented synthesis ([@bib33]) (DOS) for the convergent construction of numerous enantioenriched five- or six-membered nitrogen-containing heterocycles in stereocontrolled fashion ([@bib14], [@bib1], [@bib2], [@bib34], [@bib3], [@bib25], [@bib30], [@bib29], [@bib10]), which are very important pharmaceuticals, natural alkaloids, and building blocks in organic synthesis. Metallated azomethine ylide has four π electrons spread over a C-N-C unit, which can be presented by the two most common zwitterionic resonance forms as shown in [Figure 1](#fig1){ref-type="fig"}B: the coordinated central N atom is positively charged, and the negative charge is distributed over the two adjacent carbon atoms ([@bib29], [@bib10]). In general, the major zwitterionic resonance form **I** makes greater contribution to the resonance hybrid structure because the negative charge of the intermediate is delocalized by the neighboring electron-withdrawing ester group, which accounts for the observed regioselectivity of the well-explored 1,3-dipolar cycloaddition controlled by the highest occupied molecular orbital (HOMO) of the azomethine ylide interacting with the lowest unoccupied molecular orbital of the electron-deficient dipolarophiles ([@bib29], [@bib10], [@bib16], [@bib17]). Although the umpolung-type 1,3-dipolar cycloaddition related with the minor zwitterionic resonance form **II** would give rise to the opposite regioselectivity and thus greatly enhance the diversity of product accessible from azomethine ylide, such polarity inversion reactivity remains elusive so far and was sporadically reported in limited examples ([@bib4], [@bib21], [@bib8], [@bib43], [@bib13]) or the intramolecular cycloaddition caused by conformational ring constrain ([@bib35]).Figure 1Rational Design and Serendipity(A) *In situ-*formed metallated azomethine ylide from readily available imino ester (precursor).(B) The two most common zwitterionic resonance forms (**I** and **II**) of metallated azomethine ylide and the 1,3-dipolar cycloaddition with different regioselectivities.(C) Kinetic resolution strategy in catalytic asymmetric 1,3-dipolar cycloaddition of azomethine ylide to efficiently construct the complex natural-product-inspired architectures incorporating norbornane and pyrrolidine scaffolds concurrently with a serendipitous polarity inversion of azomethine ylide.(D) Selected bioactive natural products and synthetic drugs or drug candidates containing bicyclic norbornane scaffold.

Kinetic resolution ([@bib20], [@bib39], [@bib31]) is one of the commonly used strategies to obtain the optically active compounds from racemic starting materials, which was recently also employed in cycloaddition reactions ([@bib6], [@bib44], [@bib38], [@bib42], [@bib45]). As part of our ongoing research interest in asymmetric 1,3-dipolar cycloaddition ([@bib40], [@bib41], [@bib15], [@bib23]), we considered employing kinetic resolution strategy to develop a new cycloaddition process with readily accessible racemic alkylidene norcamphors as dipolarophiles ([Figure 1](#fig1){ref-type="fig"}C). This methodology would not only provide a simple and efficient access to synthetically important chiral building block alkylidene norcamphors but also efficiently assemble complex natural-product-inspired polycyclic spiro architectures incorporating norbornane (bicycle\[2.2.1\]heptane) and pyrrolidine scaffolds, both of which are the core structures embedded ubiquitously in natural products and pharmaceuticals, and therefore much attention has been paid to synthetic and biological studies ([@bib32], [@bib37], [@bib12], [@bib26], [@bib7], [@bib19]) ([Figure 1](#fig1){ref-type="fig"}D). However, several significant challenges are associated with this design and differentiate it from the majority of azomethine ylide-involved cycloadditions described previously including (1) the lower reactivity of alkylidene norcamphors with the inherent convex skeleton as dipolarophiles because both the upper and lower sides of C=C bond are sterically hindered from a facial recognition standpoint, which would impede the approach of the dipole, and (2) a formidably challenging spiro quaternary stereogenic carbon center ([@bib9]) is generated on the sterically congested pyrrolidines ring (having up to five substituents) with stereoselectivity control. The paucity of synthetic methodologies available in the literature for the efficient construction of enantioenriched alkylidene norcamphors and spiro\[norbornane-pyrrolidines\] encouraged us to launch this project. Herein, we report for the first time the highly efficient kinetic resolution of readily available racemic alkylidene norcamphors via Cu(I)-catalyzed 1,3-dipolar cycloaddition with concomitant construction of previously inaccessible spiroheterocycles. Notably, this rationally designed 1,3-dipolar cycloaddition is endowed with the serendipity of realizing the potential polarity inversion of metallated azomethine ylide ([Figure 1](#fig1){ref-type="fig"}C), which provides direct and convincing experimental evidence for the existence of the minor zwitterionic resonance form in metallated azomethine ylide.

Results and Discussion {#sec2}
======================

To test the feasibility of racemic alkylidene norcamphors as dipolarophiles, in preliminary experiments we examined the reaction of commercially available 3-methylene norcamphor **1a** and *N*-(4-chlorobenzylidene)-glycine methyl ester **2a** with Et~3~N as the base in the presence of Cu(I)/*rac*-(±)-TF-BiphamPhos complex ([@bib40]) as the catalyst ([Scheme 1](#sch1){ref-type="fig"}). In view of steric hindrance, terminal alkene moiety connected to the bulky norcamphor scaffold is believed to possess higher reactivity and therefore facilitate the potential cycloaddition process. Racemic TF-BiphamPhos (**L1**) was employed as the ligand to simplify the stereochemical analysis of the cycloadduct because only diastereoselectivity was considered in this case. TF-BiphamPhos, as one of the privileged ligands in 1,3-dipolar cycloaddition ([@bib2]), exhibited exclusive *endo*-selectivity for a variety of pyrrolidine synthesis, which is the foundation of the hypothetic kinetic resolution of racemic alkylidene norcamphors. Initial experimental results were far from encouraging; full conversions of methylene norcamphor were observed at 5 mol % catalyst loading, but resulted in cycloadducts as two inseparable isomers in 3:1 ratio on silica gel column according to crude ^1^H nuclear magnetic resonance, which at first was regarded as the diastereoselective ratio of the *endo*-adduct to the *exo*-adduct. This assumed diastereoselectivity is contradictable with the perfect *endo*-selectivity control exhibited by TF-BiphamPhos in our previous work. Therefore some verification experiments must be carried out to provide the irrefutable evidence on the stereochemical configurations of the two original isomers. Subsequent N-tosylation of the cycloadducts successfully converted the two isomers into separable and crystallizable compounds. To our surprise, X-ray diffraction analysis of the tosylated **3a** and **5a** revealed that both the cycloadducts are regioisomers rather than the assumed diastereomers (see [Supplemental Information](#appsec3){ref-type="sec"} for the details). It is generally believed that the approach of the azomethine ylide to the methylene norcamphor would occur specifically from the *EXO*-direction due to the "picket fence effect" exhibited by norbornanone ([@bib24], [@bib11]) ([Scheme 2](#sch2){ref-type="fig"}). The major isomer was formed through the *endo*-selective 1,3-dipolar cycloaddition related with the major zwitterionic resonance form **I**, but the minor one with the opposite regioselectivity was formed via the umpolung-type *endo*-selective 1,3-dipolar cycloaddition related with the minor zwitterionic resonance form **II** ([Scheme 1](#sch1){ref-type="fig"}). Notably, this serendipitous finding regarding the minor isomer **5a** offers direct experimental evidence on the two zwitterionic resonance structures of a metallated azomethine ylide. Inspired by these promising results, we further investigated the potential regioselectivity and enantioselectivity control to realize the asymmetric variant of this umpolung-type cycloaddition with a series of chiral TF-BiphamPhos ligands, and the results are tabulated in [Table 1](#tbl1){ref-type="table"}. With Cu(I)/(*S*)-**L1** complex as the catalyst, cycloadducts (**3a** + **5a**) were separated in 96% yield with moderate regioselective ratio (rr) (3:1), and 73% enantiomeric excess (ee) for **3a** and 20% ee for **5a** ([Table 1](#tbl1){ref-type="table"}, entry 1). When the phenyl group on the phosphorus atom of ligand **L1** was replaced by bulky electron-donating 3,5-bis(methyl)phenyl (**L2**), or electron-withdrawing 3,5-bis(trifluoromethyl)phenyl group (**L3**), however, the conventional cycloadduct *endo*-**3a** was formed predominantly in high yields with good to excellent *rr* and good ee ([Table 1](#tbl1){ref-type="table"}, entries 2 and 3). Chiral ligand **L4** containing cyclohexyl groups on the phosphorus atom also displayed normal regioselectivity control with a detrimental effect on the enantioselectivity. To our delight, further ligand screening revealed that ligand **L5** incorporating two bromine atoms at the 3,3′-positions of the biphenyl scaffold completely reversed the regioselectivity, affording *endo*-**5a** in 90% yield with exclusive diastereoselectivity and 92% ee ([Table 1](#tbl1){ref-type="table"}, entry 5). A subsequent solvent survey indicated that dichloromethane was the best solvent of choice in terms of regioselectivity and diastereo-/enantioselectivity ([Table 1](#tbl1){ref-type="table"}, entries 5--10). Lowering the reaction temperature was beneficial for enantioselectivity control, and high yield with 94% ee was achieved for *endo*-**5a** when the reaction was performed at −40°C ([Table 1](#tbl1){ref-type="table"}, entry 11).Scheme 1Initial Test Leading to the Discovery of This Ligand-Controlled Umpolung-Type 1,3-Dipolar CycloadditionInitial test on the regio-/diastereoselective control of the 1,3-dipolar cycloaddition of azomethine ylide *in situ*-generated from imino ester **2a** with 3-methylene-2-norbornanone **1a** catalyzed by CuBF~4~/(±)-TF-BiphamPhos (**L1**). The crystal of tosylated *endo*\'-**5a** for X-ray analysis was obtained from the corresponding enantioenriched cycloadduct with (*S*)-TF-BiphamPhos **L1** as the chiral ligand.Scheme 2Computed Overall Free-Energy Barrier of the Formation of Several Products from the Reaction of (1R,4S)-1a and 2a Catalyzed by Cu(I)-LI in Dichloromethane (DCM) Solution by the Polarizable Continuum Model (PCM)-B3LYP//B3LYP MethodThe two coordination modes of Ph in the Cu-azomethine ylides (**L1**~**D**~ and **L1**~**U**~) were considered for the most important intermediates (D: Ar downward; U: Ar upward). The computed NBO charge for the two reacting carbon atoms is also given in an italic form.Table 1Optimization of 1,3-Dipolar Cycloaddition of Azomethine Ylide with 3-Methylene-2-Norbornanone 1a![](fx2.gif)Entry[a](#tblfn1){ref-type="table-fn"}LigandSolvent*rr*[b](#tblfn2){ref-type="table-fn"}Yield (%)[c](#tblfn3){ref-type="table-fn"}ee (%)[b](#tblfn2){ref-type="table-fn"}5a:3a1**L1**CH~2~Cl~2~1:39673 (**3a**)2**L2**CH~2~Cl~2~1:149484 (**3a**)3**L3**CH~2~Cl~2~\<1:209689 (**3a**)4**L4**CH~2~Cl~2~\<1:208346 (**3a**)5**L5**CH~2~Cl~2~\>20:19092 (**5a**)6**L5**THF8:19286 (**5a**)7**L5**EtOAc4:19486 (**5a**)8**L5**CH~3~CN10:17893 (**5a**)9**L5**PhMe18:19388 (**5a**)10**L5**CHCl~3~6:18890 (**5a**)11[d](#tblfn4){ref-type="table-fn"}**L5**CH~2~Cl~2~\>20:19194 (**5a**)[^3][^4][^5][^6]

Having the optimized reaction conditions in hand, we examined the substrate scope of the 1,3-dipolar cycloaddition by treating methylene norcamphor (*rac*-**1a**) with various imine esters **2** ([Table 2](#tbl2){ref-type="table"}). The representative results are tabulated in [Table 2](#tbl2){ref-type="table"}. A variety of glycine ester imines are compatible with this umpolung-type 1,3-dipolar cycloaddition reaction, providing the desired cycloadducts in excellent regio- and stereoselectivities. Aryl aldimine esters incorporating different substitution patterns on the phenyl ring were well tolerated in this reaction, and the corresponding cycloadducts **5** were obtained in acceptable yield (59%--94%) with exclusive regioselectivity (\>20:1 *rr*), perfect diastereoselectivity (\>20:1 dr) and excellent enantioselectivity (93%--97%) ([Table 2](#tbl2){ref-type="table"}, entries 1--14). It is worth mentioning that perfect regioselectivity and excellent stereoselectivity could be still achieved with the sterically hindered *ortho*-chloro (**2e**), *ortho*-methyl (**2l**), and 1-naphthyl (**2m**) imino esters (entries 5, 12, and 13). The electronic property of the substituent group on the aryl ring slightly affected the reactivity of this cycloaddition. The cycloaddition reaction furnished quickly with aldimine ester containing strong electron-deficient *p*-NO~2~ or *p*-CN substitution on the phenyl ring (entries 6 and 7). Extended reaction time was needed for electron-rich aldimine esters, but the regioselectivity and stereoselectivity still maintained at the excellent level ([Table 2](#tbl2){ref-type="table"}, entries 9--12). Aliphatic aldimine esters were not compatible in this reaction, probably due to the reduced reactivity. Notably, α-methyl- or benzyl-substituted aldimine esters were tested to further investigate the generality of this methodology. The cycloaddition proceeded very well, affording the corresponding spiro\[norbornane-pyrrolidines\] decorated with one all-carbon and one N-containing quaternary stereogenic center in synthetically useful yields (57%--70%) with exclusive regioselectivity (\>20:1 *rr*) and excellent stereoselectivities (\>20:1 dr; 96%--\>99% ee) ([Table 2](#tbl2){ref-type="table"}, entries 15--18).Table 2Scope of Azomethine Ylides for Cu(I)-Catalyzed 1,3-Dipolar Cycloaddition with 3-Methylene-2-Norbornanone 1a![](fx3.gif)Entry[a](#tblfn5){ref-type="table-fn"}RR′5Yield (%)[b](#tblfn6){ref-type="table-fn"}ee (%)[c](#tblfn7){ref-type="table-fn"}1*p*-Cl-C~6~H~4~H**5a**91942*m*-Cl-C~6~H~4~H**5b**88953*p*-Br-C~6~H~4~H**5c**84954*m*-Br-C~6~H~4~H**5d**85945*o*-Cl-C~6~H~4~H**5e**94946*p*-NO~2~-C~6~H~4~H**5f**72987*p*-CN-C~6~H~4~H**5g**83948[d](#tblfn8){ref-type="table-fn"}PhH**5h**86939[d](#tblfn8){ref-type="table-fn"}*p*-MeO-C~6~H~4~H**5i**599510[d](#tblfn8){ref-type="table-fn"}*p*-Me-C~6~H~4~H**5j**749311[d](#tblfn8){ref-type="table-fn"}*m*-Me-C~6~H~4~H**5k**669412[d](#tblfn8){ref-type="table-fn"}*o*-Me-C~6~H~4~H**5l**649713[d](#tblfn8){ref-type="table-fn"}1-NaphyhylH**5m**739514[d](#tblfn8){ref-type="table-fn"}2-NaphyhylH**5n**889315*p*-Cl-C~6~H~4~Me**5o**709716[d](#tblfn8){ref-type="table-fn"}*p*-MeO-C~6~H~4~Me**5p**57\>9917[d](#tblfn8){ref-type="table-fn"}2-ThienylMe**5q**649618[e](#tblfn9){ref-type="table-fn"}^,^[f](#tblfn10){ref-type="table-fn"}*p*-Cl-C~6~H~4~Bn**5r**68\>99[^7][^8][^9][^10][^11][^12]

The fact that enantioenriched spirocycloadduct **5a** could be formed regiospecifically in an exclusive diastereoselective fashion from racemic methylene norcamphor **1a** ([Table 1](#tbl1){ref-type="table"}, entry 11) shows that the two enantiomers of methylene norcamphor have significantly different reactivity in this catalytic system. Therefore kinetic resolution of alkylidene norcamphors employing Cu(I)/(*S*)-**L5**-catalyzed cycloaddition should be worthy of our further investigation. In the early study of treating 0.4 mmol of racemic methylene norcamphor **1a** with 0.2 mmol of glycine imino ester **2a** ([Table 1](#tbl1){ref-type="table"}, entry 11), when the spirocycloadduct **5a** was separated in 91% yield (isolated yield based on imino ester **2a**) with \>20:1 dr and 94% ee, methylene norcamphor **1a** was also recovered in 45% yield (isolated yield based on **1a** initially used) and 91% ee with high selectivity factor (*S* = 103) albeit within longer reaction time of up to 48 hr. In consideration of the fact that enantioenriched norcamphors are synthetically useful building blocks, we further re-optimized the reaction conditions to develop more efficient kinetic resolution protocol in terms of both the selectivity factor and reaction time. In short, by increasing the feed ratio of imino ester to alkylidene norcamphor and adjusting the reaction temperature (see [Supplemental Information](#appsec3){ref-type="sec"} for the details), a variety of racemic alkylidene norcamphors could be resolved more reproducibly with high selectivity factors (*S* = 38--303) within reduced reaction time (18--24 hr) ([Table 3](#tbl3){ref-type="table"}). Under the re-optimized reaction conditions, terminal methylene norcamphor (*rac*-**1a**) was resolved efficiently via asymmetric Cu-catalyzed cycloaddition of different aldimine esters with selectivity factors of up to 136 and good yields ([Table 3](#tbl3){ref-type="table"}, entries 1--4). Notably, excellent ee values for both spiroadduct **5o** and recovered **1a** were achieved with high selectivity factors when alanine-derived imino esters **2o** were employed as the reaction partner. To better define the substrate scope and limitation with respect to the dipolarophiles, an array of more challenging trisubstituted alkylidene norcamphors were further investigated. (*E*)-benzylidene norcamphors containing various substituents at *para*- or *meta*-position of the phenyl ring were tolerated well, regardless of the electron properties (e.g., electron deficient, electron neutral, or electron rich), affording the desired spirocycloadducts with 93%--97% ee and the recovered norcamphors with 94--99% ee, corresponding to selectivity factors (*S*) of 98--188. Probably due to disfavored steric hindrance, *ortho*-fluoro-substituted benzylidene norcamphor has detrimental effect on the regioselectivity of the cycloadducts, but still furnishes the recovered norcamphor **1f** with an ee value of 99%. Heteroarylidene norcamphors were also well tolerated in this catalytic system ([Table 3](#tbl3){ref-type="table"}, entries 14 and 15). Remarkably, 3-pyridin-2-ylidene norcamphor **1l** could be resolved efficiently, producing the expected cycloadduct **5C** with 97% ee and recovered product **1l** with 98% ee, with the highest selectivity factor of 303. Alkyl-substituted alkylidene norcamphors were not viable substrates in this reaction, probably due to the pretty low reactivity. All the racemic trisubstituted alkylidene norcamphors tested in this work were obtained exclusively with more than 99% (*E*)-geometry via base-promoted condensation between norcamphor and the corresponding aldehyde. Considering that the geometry of C=C double bond has an important influence on the reactivity or stereoselectivity in alkene-involved asymmetric reactions, we further studied the performance of (*Z*)-benzylidene norcamphor **1b**, which could be obtained with 99% configurational purity upon UV light irradiation ([@bib5]) of (*E*)-**1b**. Under the same reaction conditions, no reaction took place when racemic (*Z*)-benzylidene norcamphor was tested. No reaction occurred with the racemic methylene camphor as the dipolarophile presumably because the disfavored steric repulsion caused by the bridged 7,7-dimethyl group impedes the approach of the azomethine ylide from the *EXO*-direction. Both racemic methylene *exo*- and *endo*-tricycle\[5.2.1.0^2,6^\]decan-8-one, containing a fused cyclopentane moiety on the norcamphor skeleton, were well tolerated and resolved to afford the corresponding spiroadducts containing seven stereogenic centers and the recovered fused norcamphors with selectivity factors of 156 and 38, respectively ([Table 3](#tbl3){ref-type="table"}, entries 16 and 17). *Exo*-**1m** displayed higher reactivity, furnishing the chiral spiro polycyclic adduct with better ee value. Racemic methylene 2-benzonorbornanone **1o** bearing a fused benzene ring was also a viable substrate for this kinetic resolution protocol, providing the cycloadduct **5F** and the recovered **1o** with high enantioselectivity and a selectivity factor of 74 ([Table 3](#tbl3){ref-type="table"}, entry 18). The absolute configuration of spirocycloadduct **5b** from methylene norcamphor and **5u** from *para*-bromobenzylidiene norcamphor was unambiguously determined by X-ray diffraction crystallography as (1*S*,2*S*,2′*S*,4*R*,5′*R*) and (1*S*,2*R*,2′*S*,4*R*,4′*R*,5′*R*), respectively (see [Supplemental Information](#appsec3){ref-type="sec"} for the details). The absolute configuration of the recovered methylene norcamphors was assigned as (1*S*,4*R*), which was deduced from the stereochemistry result of kinetic resolution and further confirmed by comparing the optical rotation of **1a** with the data reported in the literature ([@bib22]). Those of other spiroadducts and recovered alkylidene norcamphors were deduced based on these results.Table 3Kinetic Resolution of Various *rac*-Alkylidene Norcamphors 1![](fx4.gif)![](fx5.gif)![](fx6.gif)![](fx7.gif)\
**5b**\
(CCDC 1562402)![](fx8.gif)![](fx9.gif)Entry 1[a](#tblfn11){ref-type="table-fn"}[b](#tblfn12){ref-type="table-fn"}\
**5a:** 46% y, 94% ee\
**1a:** 44% y, 92% ee\
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**1c:** 45% y, 97% ee\
C = 51%,[c](#tblfn13){ref-type="table-fn"}*S* = 116[d](#tblfn14){ref-type="table-fn"}Entry 7[a](#tblfn11){ref-type="table-fn"}\
**5u:** 50% y, 93% ee\
**1d:** 45% y, 97% ee\
C = 51%,[c](#tblfn13){ref-type="table-fn"}*S* = 116[d](#tblfn14){ref-type="table-fn"}Entry 8[a](#tblfn11){ref-type="table-fn"}\
**5v:** 48% y, 93% ee\
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**5x:** 47% y, 93% ee\
**1g:** 46% y, 97% ee\
C = 51%,[c](#tblfn13){ref-type="table-fn"}*S* = 116[d](#tblfn14){ref-type="table-fn"}Entry 11[a](#tblfn11){ref-type="table-fn"}\
**5y:** 46% y, 93% ee\
**1h:** 47% y, 94% ee\
C = 50%,[c](#tblfn13){ref-type="table-fn"}*S* = 98[d](#tblfn14){ref-type="table-fn"}Entry 12[a](#tblfn11){ref-type="table-fn"}\
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C = 47%,[c](#tblfn13){ref-type="table-fn"}*S* = 188[d](#tblfn14){ref-type="table-fn"}Entry 13[a](#tblfn11){ref-type="table-fn"}\
**5A:** 46% y, 94% ee\
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**5B:** 45% y, 94% ee\
**1k:** 46% y, 91% ee\
C = 49%,[c](#tblfn13){ref-type="table-fn"}*S* = 103[d](#tblfn14){ref-type="table-fn"}Entry 15[a](#tblfn11){ref-type="table-fn"}\
**5C:** 46% y, 97% ee\
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**5D:** 48% y, 96% ee\
**1m:** 45% y, 91% ee\
C = 49%,[c](#tblfn13){ref-type="table-fn"}*S* = 156[d](#tblfn14){ref-type="table-fn"}Entry 17[a](#tblfn11){ref-type="table-fn"}\
**5E:** 45% y, 85% ee\
**1n:** 44% y, 90% ee\
C = 51%,[c](#tblfn13){ref-type="table-fn"}*S* = 38[d](#tblfn14){ref-type="table-fn"}Entry 18[a](#tblfn11){ref-type="table-fn"}\
**5F:** 47% y, 92% ee\
**1o:** 46% y, 90% ee\
C = 49%,[c](#tblfn13){ref-type="table-fn"}*S* = 74[d](#tblfn14){ref-type="table-fn"}[^13][^14][^15][^16][^17][^18]

To understand the mechanism of the unusual ligand-controlled regioselectivity and kinetic resolution of the cycloaddition reaction, density functional theory (DFT) (B3LYP/6-31G(d)+SDD method) ([@bib41]) calculations were carried out by using Cu(I), substrates **1a** and **2a,** as well as **L1** ligand (or **L5** for the most important cases) as our system (See [Supplemental Information](#appsec3){ref-type="sec"} for the details). As shown in [Schemes 2](#sch2){ref-type="fig"} and [3](#sch3){ref-type="fig"} and [Figure 2](#fig2){ref-type="fig"}, the reacting C2 atom of two Cu-azomethine ylide intermediates **L1**~**D**~ and **L5**~**D**~ had a more negative charge (−0.24) and contributed to slightly larger HOMO than the other reacting C4. This result supported the major resonance form **I** ([Scheme 1](#sch1){ref-type="fig"}). For the reaction with (1*R*,4*S*)-**1a**, our computational results showed that intermediate **L1**~**D**~ (using **L1** ligand) generally had lower barriers for the cycloaddition toward the EXO-direction to the methylene norcamphor than the ENDO-direction, owing to the above-mentioned "picket fence effect" ([Scheme 2](#sch2){ref-type="fig"}). Moreover, the most kinetically favorable pathway preferred the formation of the normal and major *endo*-selective cycloaddition product **P3a** other than the *exo*-selective **P4a** via the rate-determining Michael-addition-type transition state **3a-L1**~**D**~**-TS1**~**endo**~ ([Scheme 2](#sch2){ref-type="fig"} and [Figure 3](#fig3){ref-type="fig"}), which had a lower barrier than that for the umpolung-type and minor *endo*-selective cycloaddition product **P5a** via **5a-L1**~**D**~**-TS1**~**endo**~ (Michael-addition type) by roughly 3.0 kcal/mol. The norcamphor approached the amine side of **L1** ligand and formed a strong hydrogen bond (NH\--O: 1.78 Å) in **3a-L1**~**D**~**-TS1**~**endo**~. However, when the norcamphor approached the phosphorus side of **L1** ligand to form **P5a** in **5a-L1**~**D**~**-TS1**~**endo**~, the amine nitrogen of **L1** ligand was found to dissociate from the Cu center and the carbonyl oxygen of the norcamphor coordinated to the metal (Cu\--O: 2.14 Å). As the norcamphor was required to approach the phosphorus side of the ligand to afford **P5a**, increasing steric repulsion between the norcamphor and the more bulky phosphine ligand (**L2**, **L3** or **L4**) should further disfavor the umpolung-type regioselectivity ([Table 1](#tbl1){ref-type="table"}). In addition, the reaction of intermediate **L1**~**D**~ with (1*S*,4*R*)-**1a** was computed to have a higher barrier to form **P3a′** by about 2.1 kcal/mol, which demonstrated a lower reactivity of (1*S*,4*R*)-**1a** and explained the observed kinetic resolution.Scheme 3Computed Overall Free Energy Barrier (in kcal/mol) of Formation of the Most Critical Products for the Reactions with **2a**, (1*R*,4*S*)-**1a**, and (1*S*,4*R*)-**1a** Catalyzed by Cu(I)-**LI** (**L1~D~**) or Cu(I)-**L5** (**L5~D~**) in Dichloromethane (DCM) Solution by the Polarizable Continuum Model (PCM)-B3LYP//B3LYP MethodThe computed NBO charge for the two reacting carbon atoms in the Cu-azomethine ylide intermediate **L5**~**D**~ is also given in an italic form.Figure 2Computed Structure, the Relative Free Energy, and HOMO Energy of the Cu-Azomethine Ylide Intermediates **L1**~**D**~, **L1**~**U**~; **L5**~**D**~, and **L5**~**U**~Figure 3DFT CalculationsThe computed most critical transition states with NBO charge for the two reacting carbon atoms (in an italic form), key bond lengths (in angstrom), and relative free energy (in kcal/mol) for the reactions with **2a**, (1*R*,4*S*)-**1a,** or (1*S*,4*R*)-**1a** catalyzed by Cu(I)-**L1** or Cu(I)-**L5** in Dichloromethane (DCM) solution by the polarizable continuum model (PCM)-B3LYP//B3LYP method.

Interestingly, when replacing **L1** ligand by **L5** ligand, the most favorable pathway switched to the umpolung regiochemistry to give *endo*-selective **5a** via **5a-L5**~**D**~**-TS1**~**endo**~, which is lower in free energy than the normal regiochemistry to form *endo*-selective **3a** via **3a-L5**~**D**~**-TS1**~**endo**~ by ∼0.9 kcal/mol ([Scheme 3](#sch3){ref-type="fig"}). An electrostatic repulsion between the carbonyl oxygen of the norcamphor and one bromine (Br1) atom of the biphenyl ligand (O\--Br: 3.23 Å in **3a-L5**~**D**~**-TS1**~**endo**~, shorter than the sum of their van der Waals radii \[3.37 Å\]; see [Figure 3](#fig3){ref-type="fig"}) was found to weaken the hydrogen bond between the substrate and ligand and, thus, should play a key role in inverting regiocontrol of the cycloaddition. Moreover, the natural bond orbital (NBO) charge of the reacting C2 and C4 atoms were found to become less negatively charged and more negatively charged, respectively, in the key umpolung-type transition states **5a-L1**~**D**~**-TS1**~**endo**~ and **5a-L5**~**D**~**-TS1**~**endo**~, showing more contribution of the minor resonance form **II** ([Scheme 1](#sch1){ref-type="fig"}). Furthermore, the reaction of **L5**~**D**~ with (1*S*,4*R*)-**1a** leading to **P5a′** had to overcome a higher barrier height by 1.2 kcal/mol relative to the formation of **P5a** from (1*R*,4*S*)-**1a**. Overall, these computational results were qualitatively consistent with the observed ligand-controlled regioselectivity and kinetic resolution, and also showed the key role of the bromine atoms.

To demonstrate the scalability of this methodology, we carried out the gram-scale kinetic resolution of methylene norcamphor *rac*-**1a** (9.0 mmol, 1.10 g) with imino ester **2a** in the presence of as low as 1 mol % of Cu(I)/(*S*)-**L5** catalyst, which furnished (1*S*,4*R*)-**1a** (44% yield, 96% ee) and the spirocycloadduct **5a** (48% yield, 97% ee) with a selectivity factor of 260 at 50% conversion ([Scheme 4](#sch4){ref-type="fig"}A). In a similar fashion, benzylidene norcamphor *rac*-**1b** (5.3 mmol, 1.05 g) could also be efficiently resolved with a selectivity factor of 121 at 50% conversion. The synthetic transformations of the resolved benzylidene norcamphor were then evaluated. Luche reduction of the carbonyl group in (1*S*,4*R*)-**1b** with NaBH~4~/Ca(OTf)~2~ in a highly diastereoselective fashion led to compound *endo*-**6** in 88% yield with the maintained enantioselectivity. Direct hydrogenation of **1b** in the presence of catalytic amount of Pd/C in methanol gave compound *endo*-7 in 81% yield with exclusive diastereoselectivity control. Subsequent Baeyer-Villiger oxidation of **7** with *meta*-chloroperoxybenzoic acid (*m*-CPBA) in CH~2~Cl~2~ at room temperature afforded the previously inaccessible bridged lactone **8** in 98% yield without loss of enantiomeric excesses ([Scheme 4](#sch4){ref-type="fig"}B). To further demonstrate the potential utility of this methodology, the Cu(I)-catalyzed kinetic resolution of alkylidene norcamphor was successfully applied to the facile synthesis of the key intermediate of (*Z*) and (*E*)-β-santalol ([@bib22]) ([Scheme 4](#sch4){ref-type="fig"}C). A concise synthetic route was designed to those chiral odorants, which relies on the highly efficient kinetic resolution of racemic methylidene norcamphor with Cu(I)/(*R*)-**L5** complex, leading to (1*R*,4*S*)-**1a** (40% yield, \>99% ee) with excellent efficiency at 54% conversion. (1*R,*4*S*)-**1a** could be readily hydrogenated with Pd/C to deliver compound *endo*-**9** in 99% yield with the maintained enantioselectivity in an excellent diastereoselective manner (\>20:1 dr). Treatment of compound **9** with lithium diisopropylamide (LDA) in tetrahydrofuran (THF) followed by the addition of Stowell iodide ([@bib36]) **10** exclusively afforded the *exo*-alkylation product **11**, the key intermediate for (−)-(*Z*) and (*E*)-β-santalol.Scheme 4Synthetic Versatility of the Present Catalytic System(A) Scale-up of the kinetic resolution process with as low as 1 mol % catalyst loading.(B) Derivatization of recovered optically active alkylidene norbornanone (1*S*,4*R*)-**1b**.(C) Facile access to the key intermediate of chiral odorants (Z) and (E)-β-santalol.

Conclusion {#sec2.1}
----------

We have developed an expedient kinetic resolution of synthetically important racemic alkylidene norcamphors by Cu(I)-catalyzed umpolung-type 1,3-dipolar cycloaddition of azomethine ylide with the DOS of natural-product-inspired spiro\[norbornane-pyrrolidines\] containing multiple stereogenic centers. The success of this methodology relies heavily on the rational design, which led to implement the strategy of kinetic resolution, and serendipity, which led to the discovery of a unique ligand-controlled regiospecific cycloaddition, which is especially notable and provides direct experimental evidence for the existence of two zwitterionic resonance forms in metallated azomethine ylide. Beyond the broad utility in organic synthesis, this protocol diversifies the existing chemistry of transition metal-catalyzed 1,3-dipolar cycloadditions of azomethine ylide with rare polarity inversion.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Software Availability {#appsec1}
==============================

Crystallographic data have been deposited at the Cambridge Crystallographic Data Center (CCDC) as CCDC 1592399 (tosylated(±)-endo-**3a**), 1592400 (tosylated endo\'-**5a**), 1562402 (**5b**), 1562404 (**5s**), 1562405 ((±)-**5u**), and 1562406 ((±)-**1d**), which can be obtained free of charge from the CCDC via [www.ccdc.cam.ac.uk/getstructures](http://www.ccdc.cam.ac.uk/getstructures){#intref0010}.
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[^1]: These authors contributed equally

[^2]: Lead Contact

[^3]: All reactions were carried out with 0.20 mmol of **2a** and 0.40 mmol of **1a** in 2 mL solvent, 48--60 hr CuBF~4~ = Cu(MeCN)~4~BF~4~.

[^4]: *rr* was determined by crude ^1^H nuclear magnetic resonance, and ee was determined by high-performance liquid chromatography.

[^5]: Isolated yield of **3a** and **5a** based on **2a**.

[^6]: Carried out at −40°C.

[^7]: All reactions were carried out with 0.20 mmol of **2** and 0.40 mmol of **1a** in 2 mL CH~2~Cl~2~ in 8--12 hr.

[^8]: Isolated yield based on **2**.

[^9]: dr was determined by crude ^1^H nuclear magnetic resonance, and ee was determined by high-performance liquid chromatography.

[^10]: Carried out at −20°C in 36 hr.

[^11]: Inorganic base Cs~2~CO~3~ was used.

[^12]: Carried out at −0°C in 48 hr.

[^13]: Reaction conditions: *rac*-**1** (0.4 mmol), **2** (0.6 mmol), Et~3~N (0.01 mmol), Cu(I)/(*S*)-**L5** (0.02 mmol) in 2 mL CH~2~Cl~2~ in 48 hr. Isolated yield was based on **1**, and the maximum possible yield of (1*S*,4*R*)-**1** is 50%. \>20:1 dr of **3** was determined by crude ^1^H nuclear magnetic resonance. ee of **5** and (1*S*,4*R*)-**1c**-**1o** was determined by high-performance liquid chromatography, and ee of (1*S*,4*R*)-**1a** and (1*S*,4*R*)-**1b** was determined by gas chromatography.

[^14]: Carried out at −60°C.

[^15]: Conversion of (*rac*)-**1** = ee~1~/(ee~1~ + ee~3~).

[^16]: *S*-factor = ln\[(1 - conv)(1 - ee~1~)/ln\[(1 - conv)(1 + ee~1~)\].

[^17]: Carried out at −40°C.

[^18]: The crystal of (±)-**5u** for X-ray analysis was obtained from the corresponding cycloadduct with (±)-TF-BiphamPhos**L5** as the ligand.
